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1
SYSTEM AND METHOD FOR PROVIDING
ADAPTIVE DEAD TIMES FOR A HALF
BRIDGE CIRCUIT

This application claims the benefit of U.S. Non-Provi-
sional application Ser. No. 12/115,380, filed on May 5, 2008,
which application is hereby incorporated herein by reference
in its entirety.

TECHNICAL FIELD

The present invention relates generally to a system and a
method for power supplies, and more particularly to a
system and a method for adaptively altering a power sup-
ply’s dead time.

BACKGROUND

FIG. 1aq illustrates a fluorescent lamp’s electronic ballast
100. The electronic ballast 100 includes a half-bridge circuit
105, a drive circuit 110, and a load circuit 115. The half-
bridge circuit 105 may include two semiconductor switching
elements, Q1 120 and Q2 122, which are connected in series
with respect to voltage supply terminals T1 and T2 of a
voltage supply that supplies a direct current (DC) voltage
with potential Vb. The drive circuit 110 generates two
control signals, S1 and S2, that may be used to control the
state of the two semiconductor switching elements. FIG. 15
illustrates a semiconductor switching element, such as the
semiconductor switching element Q1 120. The semiconduc-
tor switching element Q1 120 may use a wide variety of
semiconductor transistors, such as an N-type enhancement
mode MOSFET. However, other types of semiconductor
transistors may be used as the semiconductor switching
element Q1 120, including N- and P-type JFETs, N- and
P-type depletion mode MOSFETs, P-type enhancement
mode MOSFETs, and so forth.

The drive circuit 110 may be configured so that the two
control signals are generated in such a manner that the two
semiconductor switching elements are never switched on
simultaneously. A time when both semiconductor switching
elements are switched off may be referred to as a dead time.
During the dead time, a voltage potential across the load
circuit 115 may be brought up (or down) to being substan-
tially equal to either the voltage potential of the voltage
supply Vb (or ground). With both terminals of a semicon-
ductor switching element at the same or substantially the
same potential, the drive circuit 110 may then generate an
appropriate control signal to switch the state of semicon-
ductor switching element. The switching with both terminals
of the semiconductor switching element at the same or
substantially the same voltage potential is commonly
referred to as zero voltage switching (ZVS). ZVS offers high
efficiency since there is no or very little power dissipated in
the semiconductor switching element while switching. How-
ever, if the dead time’s duration is too long (or too short),
then the ZVS condition may no longer exist (or may have
not yet occurred).

SUMMARY OF THE INVENTION

These and other problems are generally solved or circum-
vented, and technical advantages are generally achieved, by
preferred embodiments which provides a system and method
for adaptively altering a power supply’s dead time.

In accordance with a preferred embodiment, a method for
adaptively controlling a dead time in a half bridge circuit
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having an upper portion with an upper switching element
and a lower portion with a lower switching element is
provided. The method includes detecting a start of the dead
time, detecting an ending condition of the dead time, and
ending the dead time. The detecting is based on a first
current flowing through a shunt resistor in the lower portion
or a second current through a lower gate driver of the lower
switching element.

The foregoing has outlined rather broadly the features and
technical advantages of the embodiments in order that the
detailed description of the embodiments that follows may be
better understood. Additional features and advantages of the
embodiments will be described hereinafter which form the
subject of the claims of the invention. It should be appre-
ciated by those skilled in the art that the conception and
specific embodiments disclosed may be readily utilized as a
basis for moditying or designing other structures or pro-
cesses for carrying out the same purposes of the invention.
It should also be realized by those skilled in the art that such
equivalent constructions do not depart from the spirit and
scope of the embodiments as set forth in the appended
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion, and the advantages thereof, reference is now made to
the following descriptions taken in conjunction with the
accompanying drawings, in which:

FIG. 1a is a diagram of a fluorescent lamp’s electronic
ballast;

FIG. 16 is a diagram of a semiconductor switching
element;

FIG. 2 is a diagram of an electronic ballast 200 for a
fluorescent lamp, wherein the electronic ballast 200 is
capable of adaptively changing dead time;

FIGS. 3a through 3d are diagrams of signals in the
electronic ballast 200,

FIG. 4 is a diagram of an electronic ballast 400 for a
fluorescent lamp;

FIGS. 5a through 5e are diagrams of signals in the
electronic ballast 400,

FIG. 6a is a diagram of a sequence of events in the
adaptive control of a dead time;

FIG. 65 is a diagram of a sequence of events in the
adaptive control of a dead time;

FIG. 7 is a diagram of a sequence of events in the
detection of an end condition for a dead time;

FIG. 8a is a diagram of an electronic ballast 800 for a
fluorescent lamp;

FIGS. 8b through 84 are diagrams of signals in the
electronic ballast 800,

FIG. 8¢ is a diagram of a sequence of events in the
detection of an end condition for a dead time;

FIG. 9a is a diagram of an electronic ballast 900 for a
fluorescent lamp;

FIGS. 95 and 9¢ are diagrams of signals in the electronic
ballast 900;

FIG. 94 is a diagram of a sequence of events in the
detection of an end condition for a dead time; and

FIG. 10 is a diagram of a sequence of events in adaptively
controlling the duration of a high to low dead time and a low
to high dead time.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

The making and using of the presently preferred embodi-
ments are discussed in detail below. It should be appreciated,
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however, that the present invention provides many appli-
cable inventive concepts that can be embodied in a wide
variety of specific contexts. The specific embodiments dis-
cussed are merely illustrative of specific ways to make and
use the invention, and do not limit the scope of the invention.

The present invention will be described with respect to
preferred embodiments in a specific context, namely a
fluorescent lamp electronic ballast. The invention may also
be applied, however, to other applications, such as other
lamp ballasts like a high intensity discharge (HID) ballast or
an LLC converter used in a switching power supply for
applications such as notebook computers, flat panel displays,
and so forth.

With reference now to FIG. 2, there is shown a diagram
of an electronic ballast 200 for a fluorescent lamp, wherein
the electronic ballast 200 is capable of adaptively changing
dead time. The electronic ballast 200 includes two semicon-
ductor switching elements, Q1 120 and Q2 122, which are
connected in series with a shunt resistor 205. The two
semiconductor switching elements and the shunt resistor 205
may, in turn, be connected in series with respect to voltage
terminals T1 and T2 of a voltage supply supplying a DC
voltage at potential Vb. The two semiconductor switching
elements may be controlled by control signals S1 and S2
generated by a drive circuit.

Each of the two semiconductor switching elements may
have connected in parallel, a diode (diode 210 for semicon-
ductor switching element Q1 120 and diode 212 for semi-
conductor switching element Q2 122). Alternatively, the
diodes may be intrinsic to the switching elements them-
selves. The diodes may enable a current path from the load
circuit to the voltage terminal T1 or to the voltage terminal
T2 when the two semiconductor switching elements are
turned off.

The electronic ballast 200 may be coupled to a load circuit
115 with the load circuit 115 being coupled in between the
two semiconductor switching elements. The load circuit 115
includes an inductive load 215, a resistive load 220, and a
capacitive load 225. The load circuit 115 also includes a
discharge capacitor 230. The discharge capacitor 230 may
allow for a load current in the load circuit 115 to dissipate
during the dead time.

A comparator 230 may be used to compare a voltage drop
over the shunt resistor 205 and a reference voltage provided
by a voltage supply 240. During the dead time, the voltage
drop over the shunt resistor 205 may be an indicator of the
voltage potential difference between the terminals of the
semiconductor switching device Q2 122 and may be used to
detect conditions conducive to ZVS. For example, the
comparator 230 may be configured to assert a specified
value on its output if the voltage drop over the shunt resistor
205 is substantially equal to the reference voltage. An output
of the comparator 230 may be provided to the drive circuit,
where it may be used to terminate the dead time.

FIGS. 3a through 3d are diagrams of waveforms of
signals in the electronic ballast 200. FIG. 3a is a diagram of
a voltage potential at node HBM (shown as a first trace 300),
FIG. 35 is a diagram of the control signal S1 (shown as a
second trace 305), FIG. 3¢ is a diagram of the control signal
S2 (shown as a third trace 310), and FIG. 34 is a diagram of
a current through the shunt resistor 205 (shown as a fourth
trace 315).

While the semiconductor switching device Q1 120 is
turned on (control signal S1 is at a high value), the voltage
potential at node HBM may be substantially equal to the
voltage potential of the voltage supply (Vb). When the
semiconductor device Q1 120 is turned off (control signal S1
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is at a low value) at time event 350, the voltage potential at
node HBM begins to drop as the load current dissipates
through the discharge capacitor 230. The drop in the voltage
potential at node HBM may be substantially linear in nature.
The barrier capacitance of the semiconductor switching
device Q2 122 may be negligible when compared to the
capacitance of the discharge capacitor 230.

Then as the voltage across the semiconductor switching
device Q2 122 decreases, a drain-source capacitance of the
semiconductor switching device Q2 122 may substantially
increase, increasing at least to the order of the discharge
capacitor 230. The load current may dissipate through both
the discharge capacitor 230 and a drain-source capacitance
of the semiconductor switching device Q2 122 with the
amount of current dissipation being defined by a ratio of the
two capacitances. As the drain-source capacitance increases,
the part of the load current which flows through the drain-
source capacitance and the shunt resistor 205 also increases.
This negative current leads to a negative voltage across the
shunt resistor. At a time event 355, the drain-source capaci-
tance starts to increase and the voltage across the shunt
resistor starts to fall (as shown in FIG. 3d). As the voltage
across the semiconductor switching device Q2 122 contin-
ues to drop and changes sign, substantially the entirety of the
load current begins to flow through the diode 212. The
comparator 230 may be configured to detect when the load
current falls below a threshold 360 (at time event 362).
Rather than using the comparator 230 to detect when the
load current falls below the threshold 360, which may
require a comparison with negative reference voltage, the
comparator 230 may utilize a built-in voltage offset created
using circuit asymmetry.

After the comparator 230 detects that the load current has
fallen below the threshold 360, the comparator 230 asserts
the specified value on its output, which may then be pro-
vided to the drive circuit. The drive circuit may then turn on
the semiconductor switching device Q2 122 by switching
the control signal S2 to a high value at time event 365,
effectively ending the dead time. The dead time may be
ended when a monitored signal reaches a desired value, not
after the elapsing of a specified period of time. A small delay
may exist between the time event 362 (when the load current
begins to flow through the diode 212) and the time event 365
when the drive circuit turns on the semiconductor switching
device Q2 122. The delay may be the result of propagation
delays in electronic circuits, for example. Compensation for
the delay may be possible by changing the threshold 360.

The load current through a load (such as the inductor 215
and the resistor 220) may comprise two components. A first
component, a non-reactive (resistive) component, of the load
current may be related to a resistive part of the load (the
resistor 220) and may flow through the shunt resistor 205
while the semiconductor switching device Q2 122 or the
diode 212 are conducting. The non-reactive component of
the load current may lead to an average component of the
current flow through the shunt resistor (shown in FIG. 3d as
the fourth trace 315), which may be positive (as shown in
FIG. 3d). A second component, an inductive (reactive)
component of the load current may be related to an inductive
part of the load (the inductor 215) and may produce a slope
of the current through the shunt resistor 205 while the
semiconductor switching device Q2 122 or the diode 212 are
conducting. The second component (the slope or derivate of
the current flow through the shunt resistor 205) may also be
positive while it flows through the shunt resistor 205.

The polarity of the current threshold (the threshold 360)
may be opposite of the polarity of the resistive component
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of the load current through the shunt resistor 205. Addition-
ally, if there is no resistive load, the polarity of the current
threshold may be opposite of the polarity of the current slope
while the load current flows through the shunt resistor 205.
Therefore, it may be possible to detect the time event 355
and/or the time event 362 by simply comparing the load
current through the shunt resistor 205 with a threshold
having a polarity which may be opposite of the polarity of
a resistive component of the load current through the shunt
resistor 205 or opposite of the polarity of a slope of the load
current through the shunt resistor 205.

The above discussion focused on adaptively setting the
dead time for a high to low transition in the voltage potential
at the node HBM when the semiconductor switching device
Q1 120 is turned off to start the dead time and then the
semiconductor switching device Q2 122 is turned on to end
the dead time. A different technique may be used for
adaptively setting the dead time for a low to high transition
when the semiconductor switching device Q2 122 is turned
off to start the dead time and then the semiconductor
switching device Q1 120 is turned on to end the dead time.
The technique may exploit symmetry present in the high to
low transition and the low to high transition and may make
use of measuring the dead time duration during the high to
low transition and using substantially the same dead time
duration for the low to high transition.

The measuring of the duration of the dead time during the
high to low transition may be accomplished using digital
and/or analog techniques. Digital measurement techniques
may include the use of a high frequency clock with a period
significantly shorter than an expected duration of the dead
time and a counter to count periods of the high frequency
clock, for example. When the semiconductor switching
device Q1 120 is turned off (starting the dead time), the high
frequency clock may be started and the counter may begin
counting periods of the high frequency clock. The counter
may continue until the semiconductor switching device Q2
122 is turned on, ending the dead time. The duration of the
dead time may then be computed from the value of the
counter and the period of the high frequency clock. Alter-
native techniques for digitally measuring the duration of the
dead time may utilize a high resolution timer, and so forth.

FIG. 4 illustrates a fluorescent lamp’s electronic ballast
400, the electronic ballast 400 having the capability of
adaptively changing dead time for both high to low and low
to high transitions. The electronic ballast 400 includes a
ballast circuit 405 that may be substantially similar to the
electronic ballast 200 shown in FIG. 2. The electronic ballast
400 includes a drive circuit 410 that may be used to generate
control signals S1 and S2 that may be used to control the
operation of the ballast circuit 405.

The drive circuit 410 includes a ramp capacitor 415 that
may be driven by a half-bridge circuit containing two
semiconductor switching devices, Q3 420 and Q4 422. The
two semiconductor switching devices Q3 420 and Q4 422
may be connected in series with a voltage supply having
terminals T3 and T4. When the semiconductor switching
device Q1 120 is turned off (the control signal S1 becoming
low), the semiconductor switching device Q3 420 may be
turned on to create a current path from terminal T3 through
the semiconductor switching device Q3 420 through the
ramp capacitor 415 to terminal T4. The voltage drop over the
ramp capacitor 415 may then increase at a substantially
linear rate. It may be possible to use a switchable current
source or switchable current sink to replace a semiconductor
switching device and current source/sink pair, such as a first
pairing 423 comprising the semiconductor switching device
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Q3 420 and attendant current source and a second pairing
424 comprising the semiconductor switching device Q4 422
and attendant current sink.

The voltage drop over the ramp capacitor 415 may
continue to increase until the semiconductor switching
device Q2 122 is turned on (the control signal S2 becoming
high) and ending the high to low dead time. This may then
turn oftf the semiconductor switching device Q3 420 to
electrically isolate the ramp capacitor 415, maintaining the
voltage drop over the ramp capacitor 415. Since the voltage
drop over the ramp capacitor 415 continued to increase until
the semiconductor switching device Q2 122 was turned on
and ending the high to low dead time, the voltage drop over
the ramp capacitor 415 may be proportional to the duration
of the high to low dead time and may be a measure of the
duration of the high to low dead time.

When the low to high dead time begins with the semi-
conductor switching device Q2 122 turning off (the control
signal S2 becoming low), the semiconductor switching
device Q4 422 may be turned on creating a discharge path
for the ramp capacitor 415. The charge on the ramp capacitor
415 may ramp down at substantially the same rate as it
ramped up. A comparator 425 may compare a voltage drop
over the ramp capacitor 415 with a threshold, with the
threshold being set by a series of resistors 430-433. When
the voltage drop over the ramp capacitor 415 is substantially
equal to the threshold, the duration of the low to high dead
time may be substantially equal to the high to low dead time
and therefore, may be ended. A logical AND gate 435 may
be used to combine the output of the comparator 425 to
create the control signal S1 that may be used to control the
state of the semiconductor switching device Q1 120.

As the charge on the ramp capacitor 415 drops to about
zero, a measure of distortion may begin to appear and
change the substantially linear ramp down into a non-linear
ramp down. To compensate for the non-linear behavior, the
threshold used in the comparison with the voltage drop over
the ramp capacitor 415 in the comparator 425 may be at a
level above zero, above a point wherein the ramp down
begins to exhibit the non-linear behavior. Then, a delay
element 440 may be used to delay the output of the com-
parator by an amount of time proportional to an expected
amount of time for the voltage drop over the ramp capacitor
415 to discharge from the threshold level to substantially
Zero.

In addition to measuring the duration of the high to low
dead time and applying the measured duration to the low to
high dead time, the driver circuit 410 also includes circuitry
to prevent a dead time from lasting indefinitely and a dead
time from being too short in duration. A comparator 445 may
compare the voltage drop over the ramp capacitor 415 with
a second threshold to determine if the low to high dead time
is lasting longer than desired, with the second threshold
being generated by a series of resistors 430-433. The com-
parison made by the comparator 445 helps to ensure that the
low to high dead time does not extend for longer than a
maximum desired dead time. This may be achieved by
terminating the high to low dead time only if the charge on
the ramp up capacitor 415 has exceeded a minimum value,
even if an ending condition has been detected. Similarly, a
comparator 450 compares the voltage drop over the ramp
capacitor 415 with a third threshold to ensure that the low to
high dead time is not too short in duration. This may be
achieved by terminating the high to low dead time if the
charge on the ramp up capacitor 415 has exceeded a maxi-
mum value, even if an ending condition for the high to low
dead time has not been detected.
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Logical gates, such as a logical AND gate 455 and a
logical OR gate 460 may be used to generate a reset signal
for a flip flop 465, such as an R-S flip flop. A logical AND
gate 470 may be used to generate a control signal to control
the state of the semiconductor switching device Q3 420 and
a logical NOR gate 475 may be used to generate the control
signal S2 to control the state of the semiconductor switching
device Q2 122.

The specific circuit elements used in the description of the
drive circuit 410 are used for illustrative purposes. Other
circuit elements may be used in their place and provide
similar functions. Therefore, the description of the specific
circuit elements should not be construed as being limiting to
either the spirit or the scope of the embodiments.

FIGS. 5a through 5e are diagrams of waveforms of
signals in the electronic ballast 400. FIG. 54 is a diagram of
a voltage potential at node HBM (shown as a first trace 500),
FIG. 55 is a diagram of a current through the shunt resistor
205 (shown as a second trace 505), FIG. 5¢ is a diagram of
a voltage potential across the ramp capacitor 415 (shown as
a third trace 510), FIG. 5d is a diagram of the control signal
S1 (shown as a fourth trace 515), and FIG. 5e is a diagram
of the control signal S2 (shown as a fifth trace 520).

While the semiconductor switching device Q1 120 is
turned on (control signal S1 at a high value), the voltage
potential at node HBM may be substantially equal to the
voltage potential of the voltage supply (Vb). When the
semiconductor device Q1 120 is turned off (control signal S1
at a low value) at time event 550, the voltage potential at
node HBM begins to drop as the load current dissipates
through the discharge capacitor 230. The drop in the voltage
potential at node HBM may be substantially linear in nature.

While the load current dissipates through the discharge
capacitor 230, the voltage potential across the ramp capaci-
tor 415 ramps up, with the ramp up continuing in a sub-
stantially linear manner until the semiconductor switching
device Q2 122 turns on (control signal S2 at a high value)
terminating the high to low dead time. The amount of the
ramp up may be dependent on when the semiconductor
switching device Q2 122 turns on and therefore may be a
function of the duration of the high to low dead time. If the
semiconductor switching device Q2 122 turns on early (for
example, at time event 555), then the voltage potential
across the ramp capacitor 415 stops at a lower level (level
556) than if the semiconductor switching device Q2 122
turns on later (for example, at time event 557), shown as
level 558. Dashed lines 560 and 562 in FIGS. 5a and 56
illustrate the effect of the timing of the turning on of the
semiconductor switching device Q2 122 on the voltage
potential at node HBM and the current through the shunt
resistor 205, respectively.

At time event 565, the semiconductor switching device
Q2 122 is turned off (control signal S2 at a low value)
starting the low to high dead time. The voltage potential
across the ramp capacitor 415 may then begin to ramp down
(discharge), with the discharge being substantially linear
until the voltage potential becomes nearly zero. As the
voltage potential across the ramp capacitor 415 approaches
zero, distortion may begin to affect the ramp down, poten-
tially making it non-linear. This may be referred to as a
non-linear point, shown in FIG. 5¢ as point 566 and point
567. To help prevent the distortion from negatively affecting
the duration of the low to high dead time, a comparison of
the voltage potential of the ramp capacitor 415 with a
threshold 570 that may be at a level above where the
distortion begins to make the ramp down non-linear. As
shown in FIG. 5¢, the threshold 570 may be located at a level
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above the non-linear points 566 and 567. A small delay
(interval 575 and 576) may be inserted to compensate for a
duration about equal to a ramp down in the voltage potential
across the ramp capacitor 415 from the threshold 570 to
about zero.

FIG. 6a illustrates a sequence of events 600 in the
adaptive control of the duration of a dead time. The adaptive
control of the duration of a dead time may take place when
an electronic circuit, such as an electronic ballast for a
fluorescent lamp or an LL.C converter for a laptop computer
or flat panel display, is in a normal operating mode. The
adaptive control of the duration of a dead time may begin
with the detection of a start of a dead time (block 605). For
example, in an electronic ballast, such as the electronic
ballast 200 or 400, a dead time may begin with a turning off
of the semiconductor switching device Q1 120 with the
semiconductor switching device Q2 122 already off.

With the dead time started, an end condition for the dead
time may be detected (block 610). Depending on configu-
ration of the electronic ballast 200 or 400, there may be
several different end conditions for the dead time. A first end
condition for the dead time may be a current flowing through
the shunt resistor 205 becoming more negative than a
negative threshold. FIG. 7 illustrates a sequence of events
700 in the detecting of an end condition of the dead time,
wherein the end condition comprises a current flowing
through the shunt resistor exceeding a negative threshold.
The detecting the end condition of the dead time includes
comparing the current flowing through the shunt resistor 205
with a negative threshold (block 705). The comparison may
be performed by a comparator, such as the comparator 230.
If the current flowing through the shunt resistor 205 is more
negative than the negative threshold (block 710), then the
end condition of the dead time may have been met (block
715). If the current flowing through the shunt resistor 205 is
not more negative than the negative threshold, then the end
condition of the dead time may not have been met and more
time may be permitted to elapse.

A second end condition for the dead time may be a gate
driver current exceeding a positive threshold. FIG. 8a illus-
trates an electronic ballast 800 for a fluorescent lamp. The
electronic ballast 800 includes two semiconductor switching
devices Q1 120 and Q2 122, aload circuit 115 coupled to the
two semiconductor switching devices, and a two gate driv-
ers, gate driver 805 for the semiconductor switching device
Q1 120 and gate driver 807 for the semiconductor switching
device Q2 122. The electronic ballast 800 further includes a
current sensor 809 that may be used to sense a magnitude of
the current from the gate driver 807 to the semiconductor
switching device Q2 122. The current sensor 809 may be
coupled to a threshold detector 810, which may be used to
compare the output of the current sensor 809 to a threshold.

Alternatively, the electronic ballast 800 may use a tran-
simpedance amplifier to convert the gate driver current of
the gate driver 807 for the semiconductor switching device
Q2 122 into a voltage that may be compared with a threshold
to determine the end condition for the dead time started by
turning off the semiconductor switching device Q1 120. The
transimpedance amplifier may compare the gate driver cur-
rent of the gate driver 807 with a gate current of the
semiconductor switching device Q2 122, for example.

FIGS. 8b through 84 are diagrams of signals in the
electronic ballast 800. FIG. 86 is a diagram of a voltage
potential at node HBM (shown as a first trace 815), FIG. 8¢
is a diagram of the gate driver current of the gate driver 807
(shown as a second trace 817), and FIG. 84 is a diagram of
the control signal S2 (shown as a third trace 819).
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After the semiconductor switching device Q1 120 is
turned off at time event 820, the voltage potential at the node
HBM begins to drop and the gate current of the gate driver
807 increases by a small amount. As the voltage potential at
the node HBM approaches zero (time event 822), the gate
current of the gate driver 807 may increase dramatically due
to a nonlinearity of the drain-gate capacitance of the semi-
conductor switching device Q2 122. A comparison of the
gate current of the gate driver 807 with a threshold 823 may
be used to determine when the voltage potential at the node
HBM approaches zero. Once the gate current of the gate
driver 807 exceeds the threshold 823, the semiconductor
switching device Q2 122 may be turned on (at time event
824) to terminate the dead time.

FIG. 8e illustrates a sequence of events 850 in the
detecting an end condition of the dead time, wherein the end
condition comprises the gate current of a gate driver exceed-
ing a threshold. The detecting the end condition of the dead
time includes comparing a gate current of the gate driver 807
with a positive threshold, such as the threshold 823 (block
855). The comparison may be performed by a comparator,
such as the comparator 810. If the gate current of the gate
driver 807 is more positive than the threshold 823 (block
860), then the end condition of the dead time may have been
met (block 865). If the gate current of the gate driver 807 is
not more positive than the threshold 823, then the end
condition of the dead time may not have been met and more
time may be permitted to elapse.

A third end condition for the dead time may be a current
in a rectifier circuit changing from a relatively constant
negative value during the high to low dead time to substan-
tially zero when the high to low dead time completes. FIG.
9a illustrates an electronic ballast 900 for a fluorescent lamp.
The electronic ballast 900 includes a rectifier circuit 905
coupled to node HBM, between the load circuit 115 and the
two semiconductor switching devices Q1 120 and Q2 122.
The rectifier circuit 905 includes a shunt resistor 910 that
may be used to measure a current in the rectifier circuit 905.
A comparator 915 may compare a voltage drop over the
shunt resistor 910 with a reference voltage and may detect
when the voltage drop over the shunt resistor 910 (and
hence, the current in the rectifier circuit 905) returns to being
substantially zero after having been relatively steady at a
negative value for a period of time about equal to the high
to low dead time.

FIGS. 96 and 9c¢ are diagrams of signals in the electronic
ballast 900. FIG. 95 is a diagram of a voltage potential at
node HBM (shown as a first trace 920) and FIG. 9c is a
diagram of the current in the rectifier circuit 905 (shown as
a second trace 925).

After the semiconductor switching device Q1 120 is
turned off at time event 930, the voltage potential at the node
HBM begins to drop and the current in the rectifier circuit
905 may drop to a negative value 935, which it may maintain
for a duration of the high to low dead time. When the current
in the rectifier circuit 905 returns to about zero at time event
940, the voltage potential at the node HBM may have also
reached zero or a minimum and the semiconductor switch-
ing device Q2 122 may be turned on with ZVS.

FIG. 94 illustrates a sequence of events 950 in the
detecting of an end condition of the dead time, wherein the
end condition comprises the current in the rectifier circuit
905 returning to being substantially zero after maintaining a
relatively constant negative value. The detecting the end
condition may begin with storing the current in the rectifier
in a memory (block 955). This may be performed to ensure
that the current in the rectifier has indeed been at a negative
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value for a period of time prior to returning to about zero.
Then, the current in the rectifier circuit 905 may be com-
pared with a threshold as well as checking the stored value
of the current in the rectifier circuit 905 if it has previously
been negative (block 960). If both conditions are true, then
the end condition of the dead time may have been met (block
965). If both conditions are not met, then the end condition
of'the dead time may not have been met and more time may
be permitted to elapse.

Turning back now to FIG. 6a, with the end condition for
the dead time detected, the dead time may be terminated
(block 615). The dead time may be terminated by turning on
the semiconductor switching device Q2 122, for example.

FIG. 64 illustrates a sequence of events 650 in the
adaptive control of the duration of a dead time. The adaptive
control of the duration of the dead time as described in the
sequence of events 600 may be used in situations wherein it
may be possible to detect a ZVS switching condition. The
sequence of events 650 may be used to adaptive control the
duration of a dead time by exploiting a symmetry that may
be present between corresponding dead times, such as
between a high to low dead time and a low to high dead time.
The sequence of events 650 may use a measured duration of
a dead time and then apply the measured duration to a
corresponding dead time.

The adaptive control of the duration of a dead time may
begin with by measuring a duration of a first dead time
(block 655). The measuring of the duration of the first dead
time may be accomplished using digital techniques or ana-
log techniques or a combination of both. Digital measure-
ment of the duration of the first dead time may involve the
use of a clock signal having a period that is substantially
shorter than the duration of the first dead time and a counter
to count a number of clock cycles elapsing during the first
dead time. The duration of the first dead time may then be
computed by multiplying the clock cycle count with the
period of the clock signal.

Analog measurement of the duration of the first dead time
may be achieved by not precisely measuring the duration of
the first dead time but by allowing a signal to reach a value
that may be dependent on the duration of the first dead time
and then using the value to determine when to terminate a
second dead time. For example, the signal may rise to a
value proportional to the duration of the first dead time and
the second dead time may persist until the signal drops from
the value down to substantially zero.

With a measure of the duration of the first dead time
achieved (block 655), the second dead time may be allowed
to start (block 660). The second dead time may be allowed
to continue until a measure of the duration of the second
dead time is substantially equal to the measure of the
duration of the first dead time (block 665). At this point, the
second dead time may be terminated.

FIG. 10 illustrates a sequence of events 1000 for use in
adaptively controlling the duration of a high to low dead
time and a low to high dead time. The adaptive control of the
duration of a high to low dead time and a low to high dead
time (or vice versa) may be partitioned into two distinct
stages: a first stage 1005 that may involve the adaptive
control of the high to low dead time and a second stage 1010
that may involve the adaptive control of the low to high dead
time.

The first stage 1005 may also involve the measurement of
the high to low dead time. The adaptive control and measure
of the high to low dead time may begin with a detecting of
the beginning of the high to low dead time (block 1015). The
high to low dead time may begin with a turning off of the
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semiconductor switching device Q1 120 with the semicon-
ductor switching device Q2 122 already off. With the
detection of the beginning of the high to low dead time, a
measuring of a duration of the high to low dead time may
also begin (block 1020). As discussed previously, the mea-
suring of the duration of the high to low dead time may be
performed using digital, analog, or both techniques.

The high to low dead time may continue until an end of
the high to low dead time is detected (block 1025). An end
of the high to low dead time may be a detectable condition
that may be conducive to ZVS, for example, and may
include a current through a shunt resistor rapidly becoming
negative, a gate current of a gate driver rapidly becoming
positive, a current through a rectifier circuit becoming
substantially zero after having been negative for an entirety
of the high to low dead time, and so forth. The high to low
dead time may be ended with the semiconductor switching
device Q2 122 turning on. Once the end of the high to low
dead time has been detected, the measuring of the duration
of the high to low dead time may be stopped (block 1030).

The adaptive control of the low to high dead time (the
second stage 1010) may begin with a detecting of the
beginning of the low to high dead time (block 1035). The
low to high dead time may begin with a turning off of the
semiconductor switching device Q2 122 with the semicon-
ductor switching device Q1 120 already off. With the
detection of the beginning of the low to high dead time, a
measuring of a duration of the low to high dead time may
also begin (block 1040). As discussed previously, the mea-
suring of the duration of the low to high dead time may be
performed using digital, analog, or both techniques.

As the low to high dead time progresses, the measured
duration of the low to high dead time may be compared with
the measured duration of the high to low dead time (block
1045). If the measured duration of the low to high dead time
is about equal to the measured duration of the high to low
dead time, then the low to high dead time may be ended
(block 1050). If the measured duration of the low to high
dead time is not about equal to the measured duration of the
high to low dead time, then the low to high dead time may
be allowed to continue. The measuring of the duration of the
low to high dead time (block 1040) and the comparison of
the measured duration with the measured duration of the
high to low dead time (block 1045) may continue until the
low to high dead time does become about equal to the
measured duration of the high to low dead time and the low
to high dead time is ended (block 1050).

Although the discussion focuses on the adaptive control
and measuring of the high to low dead time and then using
the measured duration of the high to low dead time to
adaptively control the low to high dead time, it may be
possible to reverse the two. The low to high dead time may
be adaptively controlled and measured, with the measured
duration of the low to high dead time then being used to
adaptive control the high to low dead time. Therefore, the
discussion of the adaptive control and measuring of the high
to low dead time should not be construed as being limiting
to either the scope or the spirit of the embodiments.

Although the embodiments have been described in detail,
it should be understood that various changes, substitutions
and alterations can be made herein without departing from
the spirit and scope of the invention as defined by the
appended claims.

Moreover, the scope of the present application is not
intended to be limited to the particular embodiments of the
process, machine, manufacture, composition of matter,
means, methods and steps described in the specification. As
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one of ordinary skill in the art will readily appreciate from
the disclosure of the present invention, processes, machines,
manufacture, compositions of matter, means, methods, or
steps, presently existing or later to be developed, that
perform substantially the same function or achieve substan-
tially the same result as the corresponding embodiments
described herein may be utilized according to the present
invention. Accordingly, the appended claims are intended to
include within their scope such processes, machines, manu-
facture, compositions of matter, means, methods, or steps.
What is claimed is:
1. A circuit comprising:
a control circuit configured to be coupled to control
terminals of an upper switching element and a lower
switching element of a half bridge circuit, and config-
ured to be coupled to a current measurement signal
indicating a current measurement of a current through
a first one of the upper switching element and the lower
switching element of a half bridge circuit, wherein the
control circuit is configured to
detect a start of a dead time, the dead time comprising
a time period between turning off the upper switch-
ing element and turning on the lower switching
element during operation of the half bridge circuit,

detect an ending condition of the dead time based on
the current measurement signal,

end the dead time based on detecting the ending
condition, wherein ending the dead time comprises
changing the first one of the upper switching element
and the lower switching element from an OFF state
to an ON state.

2. The circuit of claim 1, wherein the control circuit is
configured to detect the start of the dead time by detecting
when a second one of the upper switching element and the
lower switching element changes from an ON state to an
OFF state with the first one of the upper switching element
and the lower switching element in an OFF state.

3. The circuit of claim 2, wherein:

the first one of the upper switching element and the lower
switching element is the lower switching element; and

the second one of the upper switching element and the
lower switching element is the upper switching ele-
ment.

4. The circuit of claim 1, wherein the current measure-
ment signal indicates when a load path current of the first
one of the upper switching element and the lower switching
element exceeds a threshold.

5. The circuit of claim 1, wherein:

the current measurement signal indicates a polarity of a
load path current of the first one of the upper switching
element and the lower switching element;

the load path current comprises a reactive portion and a
non-reactive portion; and

the control circuit is configure to determine the ending
condition in response to determining that the load path
current has a polarity that is opposite to a polarity of the
non-reactive portion of the load path current.

6. The circuit of claim 1, wherein the current measure-
ment signal indicates when a current flowing to the control
terminal of the first one of the upper switching element and
the lower switching element exceeds a threshold, the thresh-
old comprising a same polarity as a current required to turn
on the first one of the upper switching element and the lower
switching element.

7. The circuit of claim 1, further comprising a current
measurement circuit, the current measurement circuit com-
prising a comparator having an input configured to be



US 9,473,025 B2

13

coupled to a shunt resistor coupled in series with a load path
the first one of the upper switching element and the lower
switching element, and an output configured to generate the
current measurement signal.
8. The circuit of claim 1, further comprising a current
measurement circuit, the current measurement circuit con-
figured to measure a first current flowing to the control
terminal of the first one of the upper switching element and
the lower switching element, and to generate the current
measurement signal based on the first current.
9. The circuit of claim 1, further comprising the upper
switching element and the lower switching element.
10. The circuit of claim 9, wherein the upper switching
element and the lower switching element comprise MOS-
FET devices.
11. A circuit comprising:
a control circuit configured to be coupled to control
terminals of a first driver and a second driver of a half
bridge circuit, where the control circuit comprises a
capacitor and the control circuit is configured to
adaptively control a first dead time comprising a time
period between turning off the first driver and turning
on the second driver during operation of the half
bridge circuit,

measure a duration of a first dead time, wherein the
duration is based on an accumulated charge on the
capacitor,

adaptively control a second dead time using the dura-
tion of the first dead time, wherein the using com-
prises discharging the accumulated charge on the
capacitor, and the second dead time comprises a time
period between turning off the second driver and
turning on the first driver during operation of the half
bridge circuit.

12. The circuit of claim 11, wherein the control circuit is
configured to adaptively controlling the first dead time by:

detecting a start of the first dead time;

detecting an ending condition of the first dead time; and

ending the first dead time.

13. The circuit of claim 11, wherein the control circuit is
configured to measure the first dead time by:

starting a clock signal generator in response to a deter-
mining that the first dead time has started;

starting a counter to count periods of a signal generated by
the clock signal generator; and

stopping the counter in response to a determining that an
ending condition of the first dead time has been
detected.

14. An electronic circuit comprising:

a drive circuit configured to be coupled to a half bridge
circuit, the drive circuit configured to generate control
signals to control a state of a first semiconductor
switching device of the half bridge circuit and a state of
a second semiconductor switching device of the half
bridge circuit; and

a detection circuit coupled to the drive circuit and con-
figured to be coupled to the half bridge circuit, the
detection circuit configured to measure a value of a first
current flowing through a shunt resistor coupled to the
second semiconductor switching device or a second
current flowing through a gate driver coupled to the
second semiconductor switching device, the value to
determine a state suitable for zero voltage switching or
to indicate an ending condition of a dead time, the dead
time comprising a time period between turning off the
first semiconductor switching device and turning on the
second semiconductor switching device, wherein the
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drive circuit is configured to turn on the second semi-
conductor switching device based upon detecting the
ending condition of the dead time.

15. The electronic circuit of claim 14, further comprising
the shunt resistor.

16. The electronic circuit of claim 15, wherein the shunt
resistor is coupled between the second semiconductor
switching device and a second power rail, the shunt resistor
to permit a measuring a current flowing through the second
semiconductor switching device.

17. The electronic circuit of claim 16, wherein the detec-
tion circuit comprises a first comparator having a first input
coupled to the shunt resistor and a second input coupled to
a reference value, the first comparator to determine when the
current has a polarity opposite to a non-reactive portion of
a current flowing through the shunt resistor.

18. The electronic circuit of claim 16, wherein the detec-
tion circuit comprises a first comparator having a first input
coupled to the shunt resistor and a second input coupled to
a reference voltage, the first comparator to determine when
avoltage drop across the shunt resistor is more negative than
the reference voltage.

19. The electronic circuit of claim 14, wherein the detec-
tion circuit comprises a current detection circuit to compare
the second current to a reference value having a same
polarity as a polarity of the second current required to turn
on the second semiconductor switching device.

20. The electronic circuit of claim 14, wherein the drive
circuit comprises:

a ramp capacitor;

a first current source configured to charge the ramp

capacitor in a first direction;
a second current source configured to charge the ramp
capacitor in a second direction opposite the first direc-
tion; and
control logic configured to
apply the first current source to the ramp capacitor
when the first semiconductor switching device tran-
sitions from an on state to an off state,

disconnect the first current source from the ramp
capacitor when the second semiconductor switching
device transitions from the off state to the on state,

apply the second current source to the ramp capacitor
when the second semiconductor switching device
transitions from the on state to the off state,

disconnect the second current source from the ramp
capacitor when the first semiconductor switching
device transitions from the off state to the on state,
and

apply the second current source to the ramp capacitor
when the second semiconductor switching device is
turned on.

21. The electronic circuit of claim 20, wherein:

the drive circuit further comprises:

a first comparator configured to compare a voltage of
the ramp capacitor to a first threshold,

a second comparator configured to compare the voltage
of the ramp capacitor to a second threshold, and

a third comparator configured to compare the voltage of
the ramp capacitor to a third threshold; and
the control logic is further configured to
turn on the first semiconductor switching device when
the voltage of the ramp capacitor crosses the first
threshold, and

turn on the second semiconductor switching device
when the voltage of the ramp capacitor crosses the
second threshold.
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22. The electronic circuit of claim 21, wherein the control
logic is configured to turn on the second semiconductor
switching device when both of the following conditions are
met:

the ending condition has not been indicated; and

the voltage of the ramp capacitor crosses the third thresh-

old.

23. The electronic circuit of claim 14, further comprising
the half bridge circuit.

#* #* #* #* #*
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